In many species, the physical act of mating and exposure to accessory gland proteins (Acps) in male seminal fluid reduces female survival and offspring production. It is not clear what males gain from harming their sexual partners or why females mate frequently despite being harmed. Using sterile strains of Drosophila melanogaster that differ in their production of Acps, we found that both the physical act of mating and exposure to male seminal fluid in mothers increase the fitness of daughters. We show that the changes in daughter fitness are mediated by parental effects, not by sexual selection involving good genes or owing to variation in maternal egg production. These results support the idea that male harm of females might partly evolve through cross-generational fitness benefits.
INTRODUCTION
In many species, the act of copulation (Kamimura 2007 ) and exposure to compounds in male seminal fluid reduce female survival and fecundity (Chapman et al. 1995; Arnqvist & Nilsson 2000) . It is not clear why males express traits that harm their sexual partners (Johnstone & Keller 2000; Lessells 2005 ). One possibility is that harmful male reproductive behaviours evolve because they increase male fitness (Arnqvist & Rowe 2005) .
An alternative idea is that male harm of females might evolve if it stimulates parental effects which increase offspring fitness. Parental effects occur when the genotype, condition or behaviour of parents affects offspring trait expression (Qvarnströ m & Price 2001) . Parental effects are usually considered to be confounding factors in studies of sexual selection (Gil et al. 1999 ), but they can also facilitate sexual selection (Kotiaho et al. 2003) .
The fruit fly, Drosophila melanogaster, is an excellent system with which to test this question. Both the physical act of mating and the exposure to accessory gland proteins (Acps) in male seminal fluid trigger the remarkable physiological transformation of females from virginity to fertility ( Wolfner 2002; McGraw et al. 2004) . There appear to be no nutritional benefits of exposure to Acps for mothers (Chapman et al. 1994) . Mating and exposure to Acps reduce female survival and fertility (Fowler & Partridge 1989; Chapman et al. 1995) . These costs of mating to mothers are also associated with improved fitness of daughters (Priest et al. in press) . However, the mechanism of how maternal mating affects offspring fitness is unknown. Here we use sterile strains of D. melanogaster, that differ in their production of Acps, to test whether the physical act of mating and/ or exposure to Acps stimulates parental effects which increase the fitness of daughters.
MATERIAL AND METHODS
Initially we cultivated the outbred Dahomey stock ( Fowler & Partridge 1989) at 50 eggs/vial for three generations (12 : 12 light/ dark, 248C, and 60% RH). We then collected 330 virgin females, with brief CO 2 anaesthesia, and placed them in individual vials. At maternal age day 2, we exposed each female to three fresh virgin Dahomey males for four hours. At maternal age day 4, we randomly assigned the females to one of the three additional mating treatments: no additional mating, additional mating with five fresh males that were sterile and lacked production of main-cell Acps (DTA-E males; Kalb et al. 1993) , or additional mating with five fresh males that were sterile but produced main-cell Acps (sons of tudor females; Boswell & Mahowald 1985) . All of the females were provided with fresh vials and the additional mating treatment females were provided with fresh males every 2 days from maternal age days 4 to 10. We expected all of the females to have mated only once to wild-type males, and treatment females to have had two additional sterile matings. We collected the vials with eggs laid between maternal age days 8 and 10, after which the mothers were discarded. We counted the eggs laid in each vial. Mating trials, conducted at three males/female, indicated that DTA and tudor males were sterile (results not shown) and mated inseminated females at similar rates (electronic supplementary material). In the actual experiment, we increased the number of males/female in the additional mating treatments to five to increase the probability of multiple mating.
On day 3 of fly emergence, we collected a single daughter from each mother and placed each daughter into a vial which contained four virgin wild-type males (approx. 100 daughters/treatment). The daughter vials were distributed into 13 trays using a randomized block design and raised in the same conditions as the parental generation. We transferred the daughters and their males to new vials every two days until death and measured daughter age-specific fertility (eclosed pupal cases) and longevity.
We used ANOVA to examine how the mating treatment affected maternal egg production during the day 8-10 interval. In all analyses of daughters' traits, variation in egg density was accounted for by including vial egg number as a covariate. We used repeated measures ANOVA to test for effects of maternal mating treatment on the agespecific fertility pattern of daughters. We also tested for the effect of maternal mating treatment on the daughters' early, late and total fertility, which was defined as before and after the midpoint of total fertility (day 11, see also Priest et al. in press) . Daughter fitness (r) was estimated by calculating the intrinsic rate of increase of each mating treatment in each of the 13 blocks using age-specific survival and fertility (Charlesworth 1994) . Daughter fitness was compared among maternal mating treatments with Tukey multiple comparisons. Untransformed data fit the assumptions of ANOVA.
RESULTS
The mating treatment influenced egg production over the maternal age day 8-10 interval (F 2,315 Z62.26, p!0.0001). The average number of eggs laid was 39.55G1.11 (s.e.) for no additional mating; 57.21G1.24 for additional mating without Acps; and 55.59G1.22 for additional mating with Acps. Contrasts between the treatments revealed that additional mating (with and without Acps) increased the egg production of females during the day 8-10 interval (F 1,212 Z103.98, p!0.0001), and that exposure to Acps had no additional effect on egg production (F 1,208 Z0.81, pZ0.369).
We found that additional maternal mating and exposure to Acps altered the age-specific fertility patterns of daughters (table 1), with higher early-age fertility (F 2,314 Z15.87, p!0.0001) and reduced lateage fertility (F 2,307 Z10.00, p!0.0001; figure 1a ). Vial egg density was not an important source of variance in the age-specific fertility of daughters (table 1) . Although there was no treatment effect on total daughter fertility (F 2,314 Z1.71, pZ0.183), both additional maternal copulations and exposure to Acps increased daughter fitness by enhancing the intrinsic rate of increase (F 2,35 Z28.24, p!0.0001; figure 1b).
DISCUSSION
In many species males harm their sexual partners. In fruit flies, males harm females by mating and by delivering main-cell Acps in their seminal fluid (Fowler & Partridge 1989; Chapman et al. 1995) . In a previous study, we found that mothers with the highest mating frequency aged at a faster rate and produced fewer offspring, but their daughters had the greatest fitness (Priest et al. in press ). Here, our goal was to determine whether daughter fitness could be influenced by mating and/or Acps-induced parental effects. We found that both additional mating and exposure to Acps in mothers generated daughters with greater fitness (as measured by the intrinsic rate of increase). These results indicate that the agents of male harm of females stimulate beneficial parental effects.
Daughter fitness changed via parental effects, not good genes inheritance or as a product of changes in egg density. Good genes inheritance, a benefit of multiple mating for offspring due to changes in genetic composition from paternal genes, could not have influenced daughter fitness because none of the additional mating treatments produced viable sperm. Nor did egg density contribute to daughter fitness because we statistically accounted for vial egg density in all of our analyses of daughter traits. Also, though exposure to Acps increases egg production in virgin females (Kalb et al. 1993) , we found that additional exposure to Acps did not influence egg production in inseminated females.
In many systems, maternal hormones associated with development, metabolism, reproduction and stress can change the composition of maternal resources that are allocated to offspring (Gil et al. 1999; Dufty et al. 2002; McCormick 2006) . In our experiment, maternal effects driven by the act of mating might result from stress or gene expression associated with the physical act of mating (McGraw Most theories of sexual selection ignore parental effects or consider them only as confounding factors in tests of the genetic consequences of sexual behaviour (Jennions & Petrie 2000) . However, parental effects might have a central role in the evolution of harmful mating behaviours (Kotiaho et al. 2003) . Our study indicates that daughters make a greater compounded contribution to population growth if their mothers had mated more frequently and had greater exposure to Acps. We need to integrate this finding with our understanding of sexual conflict (Arnqvist & Rowe 2005; Rice et al. 2006) .
There are two important caveats concerning our study. First, the act of maternal mating might be a more important source of variance in daughter fitness than exposure to Acps if males that express Acps mate more Cross-generational fitness benefits N. K. Priest et al. 7 frequently than males that lack expression of Acps. Though our mating trials indicated that males with and without Acps mated at similar rates, further comparative observations of mating rates are warranted. Second, the fitness consequence of maternal mating for sons must also be evaluated because it is possible that the fitness benefits for daughters might be offset by fitness costs to sons (Pischedda & Chippendale 2006 , but see Orteiza et al. 2005) . One outstanding demographic question is whether increased maternal mating frequency benefits daughters enough to recoup the costs of male-induced harm. In other work, we found that the costs of increased mating frequency in the maternal generation are balanced by fitness benefits to the daughter generation (Priest et al. in press ). We also found that each additional bout of mating temporarily stimulates recombination within the female (Priest et al. 2007) . Taken together, these findings indicate that more mating bouts, more exposure to toxic seminal fluid and more receipt of sperm might evolve despite harm to mothers in part because additional bouts of mating can have both genetic and non-genetic benefits for offspring.
